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The dorsolateral prefrontal cortex (PFC) and posterior parietal cortex (PPC) are two
parts of a broader brain network involved in the control of cognitive functions such
as working-memory, spatial attention, and decision-making. The two areas share many
functional properties and exhibit similar patterns of activation during the execution of
mental operations. However, neurophysiological experiments in non-human primates
have also documented subtle differences, revealing functional specialization within the
fronto-parietal network. These differences include the ability of the PFC to inﬂuence
memory performance, attention allocation, and motor responses to a greater extent, and
to resist interference by distracting stimuli. In recent years, distinct cellular and anatomical
differences have been identiﬁed, offering insights into how functional specialization is
achieved. This article reviews the common functions and functional differences between
the PFC and PPC, and their underlying mechanisms.
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INTRODUCTION
The prefrontal cortex (PFC) has traditionally been viewed as
the brain area associated with higher cognitive operations and
executive function (Goldman-Rakic, 1987; Miller and Cohen,
2001). Neurophysiological experiments in non-human primates
have been instrumental in uncovering the nature of prefrontal
involvement in mental processes by revealing that activity of
prefrontal cortical neurons constitutes neural correlates of cog-
nitive functions. Correlates ofa wide range of functions have now
been identiﬁed in the PFC, including working-memory (Fuster
and Alexander, 1971; Funahashi et al., 1989), perceptual deci-
sions (Kim and Shadlen, 1999; Barraclough et al., 2004), abstract
rules (White and Wise, 1999; Wallis et al., 2001), reward expec-
tation (Leon and Shadlen, 1999), associative learning (Asaad
et al., 2000), categories (Freedman et al., 2001; Shima et al.,
2007), numerical quantities (Nieder et al., 2002), and planning
of sequences of actions (Averbeck et al., 2002; Hoshi and Tanji,
2004; Inoue and Mikami, 2006; Berdyyeva and Olson, 2010).
Although these studies conﬁrm the involvement of the PFC
in cognitive functions, in recent years it has also been recognized
thatothercorticalareasmanifestequivalentneuralcorrelatesdur-
ing cognitive operations. The posterior parietal cortex (PPC),
in particular, is tightly interconnected with the PFC and has
been shown to exhibit similar properties in a wide range of
paradigms tested in both areas. Neuronal responses in posterior
parietal areas (such as areas LIP and 7a) are also known to be
activated during spatial working-memory (Gnadt and Andersen,
1988; Quintana and Fuster, 1992; Constantinidis and Steinmetz,
1996; Chafee and Goldman-Rakic, 1998) and to represent neu-
ral correlates of decision-making (Shadlen and Newsome, 1996;
Yang and Shadlen, 2007), planning (Crowe et al., 2005), reward
expectation (Platt and Glimcher, 1999; Sugrue et al., 2004), rules
(Stoet and Snyder, 2004), categories (Freedman and Assad, 2006;
Swaminathan and Freedman, 2012), associations (Fitzgerald
et al., 2011), and numerical quantities (Nieder and Miller, 2004;
Roitman et al., 2007). It is clear, therefore, that representation of
neural correlates of higher cognitive functions is not the exclusive
domain of the PFC and it has become more difﬁcult to iden-
tify neurophysiological differences than similarities between the
two areas. Elucidating the shared and unique roles of the pre-
frontal and parietal cortex will provide important insights into
the neural mechanisms of higher cognitive functions. In this
review, we will focus on the functional specialization of the PFC
and PPC in cognitive processes as revealed by neurophysiological
experiments in non-human primates, with an emphasis on visual
processing.
ANATOMICAL ORGANIZATION
The primate PFC is subdivided into a medial, lateral, and orbital
aspect. Here we will focus on the lateral PFC (colored region in
Figures1A,B), and the dorsal subdivision of the lateral PFC in
particular (the dorsolateral PFC). Two alternative nomenclatures
a r ew i d e l yu s e di nt h el i t e r a t u r e .W ew i l la d o p tt h en o m e n c l a t u r e
of Preuss and Goldman-Rakic (1991) and focus on areas 46 and
8a, including the frontal eye ﬁelds (FEF), a part of area 8a extend-
ing in the anterior bank of the arcuate sulcus (Figure1A). In the
Petrides and Pandya (1994) nomenclature, the region we will be
reviewing corresponds to areas 9/46 and 8A.
The primate PPC alsoconsists ofseveralcortical areas(colored
region in Figures1C,D). This review will focus on the inferior
lobule (posterior to the intraparietal sulcus) and particularly on
the lateral intraparietal area (LIP) and area 7a (Figure1C). In
the alternative nomenclature of Pandya and Seltzer (1982), this
region includes areas PG, Opt, and POa (Figure1D).
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FIGURE 1 | Schematic diagrams of the lateral surface the macaque
monkey. (A) Anterior half of monkey brain including the prefrontal
cortex, adapted after Preuss and Goldman-Rakic [Preuss and Goldman-Rakic
(1991)]. (B) Alternative map of prefrontal cortical areas, based on Petrides
and Pandya [Petrides and Pandya (1994)]. (C) Posterior half of the monkey
brain including the posterior parietal cortex. Inset depicts an unfolded
view of the intraparietal sulcus Rawley and Constantinidis (2009).
(D) Map of the posterior parietal cortex based on Pandya and Seltzer
[Pandya and Seltzer (1982)]. Abbreviations: AIP , anterior intraparietal area;
AS, arcuate sulcus; CIP , caudal intraparietal area; CS, central sulcus;
DP , dorsal prelunate area; IPS, intraparietal sulcus; LIP , lateral
intraparietal area; LS, lunate sulcus; MIP , medial intraparietal area;
PS, principle sulcus; STS, superior temporal sulcus; VIP , ventral intraparietal
area.
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CORTICAL PATHWAYS
T h ei m a g eo ft h ee x t e r n a lw o r l de n t e r st h ee y e si nt h ef o r mo f
a continuous stream of light where it is transformed to action
potentials in the retina, then transmitted to the lateral genicu-
late nucleus (LGN) of the thalamus and subsequently relayed to
the primary visual cortex. Several dozen visual cortical areas have
been identiﬁed beyond the striate cortex, organized in a hierar-
chical fashion (Felleman and van Essen, 1991; van Essen et al.,
1992). Two broad pathways with fairly distinct anatomical orga-
nization and functional properties are generally referred to as the
ventral and dorsalvisual streams (Macko et al., 1982; Ungerleider
and Mishkin, 1982; Ungerleider and Haxby, 1994). Initially iden-
tiﬁed based on monkey lesion studies, the ventral stream is
traditionally considered as the “what” pathway dealing with rep-
resentation of stimulus features (such as color and shape); the
dorsal stream is described as the “where” pathway and processes
spatial aspects of visual information (such as location and direc-
tion of motion). Both streams are organized hierarchically with
patterns of connections following a stereotypical organization:
layer 4 of a cortical area receives input from a subordinate corti-
cal area, transforms the input in layers 2 and 3, and transmits the
output to layer 4 of the cortical area to the next stage of the hier-
archy (Hubel and Wiesel, 1962, 1965; Douglas and Martin, 2004,
2007). Convergence of inputs at each stage of the cortical hier-
archy leads to neurons with progressively larger receptive ﬁelds
and more complex functional properties. Feedback connections
from higher into lower areas follow the opposite pattern: axons
originating from layer 5 of the higher area terminate in layers
2a n d3o ft h el o w e ro n e( Felleman and van Essen, 1991; Douglas
and Martin, 2004, 2007). In this scheme, the PPC represents the
highest stagesofthe dorsalvisualpathway,witharea7asituated at
the top level ofthe hierarchy (Felleman andvan Essen, 1991). The
PPC in turnprojects to the dorsolateralPFC,however,the pattern
of axonal termination is not indicative of a clearly hierarchical
relationship. The PFC is recognized as a higher order area, yet
connections between the two areas are parallel, originating and
terminating in the same layers, rather than strictly serial (Barbas
and Pandya, 1989; Cavada and Goldman-Rakic, 1989b; Felleman
and vanEssen, 1991). The relationship ofanatomicalconnections
between the two areas, therefore, offers no obvious insight into
their relative functional specialization.
INTER-AREAL CONNECTIONS
In addition to dorsal visual stream inputs, the PPC is reciprocally
connected with a number of cortical association areas involved in
visuo-spatial processing, including the superior temporal, cingu-
late and parahippocampal cortex, as well as various subcortical
structures, including the basal ganglia, pulvinar nucleus of the
thalamus, and superior colliculus(Schwartz and Goldman-Rakic,
1984; Selemon andGoldman-Rakic,1988; CavadaandGoldman-
Rakic, 1989a,b). Area LIP, in particular, has direct projections to
and from extrastriate visual areas, and other cortical and sub-
cortical areas involved in saccadic eye movements; these include
the FEF, basal ganglia, and the superior colliculus, as well as
other parietal areas (Asanuma et al., 1985; Lynch et al., 1985;
Andersen et al., 1990; Blatt et al., 1990; Stanton et al., 1995).
Area 7a is connected with visual cortical areas, including the
medial superior temporal area (MST), the parieto-occipital area
(PO), and LIP. It is also connected with other cortical association
and limbic areas, including area 46 of the PFC, parahippocam-
pal gyrus, and posterior cingulate cortex (Lynch et al., 1985;
Selemon and Goldman-Rakic, 1988; Blatt et al., 1990; Rockland
and van Hoesen, 1999).
The dorsolateralPFC (areas 8a and 46) processes visuo-spatial
information by receiving a direct and robust input from pos-
terior parietal areas 7a and LIP (Selemon and Goldman-Rakic,
1988; Cavada and Goldman-Rakic, 1989b). Area 46 shares many
common efferent targets with the PPC, for example the sup-
plementary motor cortex, premotor cortex, superior temporal
cortex, cingulate cortex, limbic structures, basal ganglia, thala-
mus, and the superior colliculus (Selemon and Goldman-Rakic,
1988;Jouveetal.,1998).Area8a(which includestheFEF)receives
visual inputs not only from the PPC but also directly from most
extrastriate areas of both dorsal and ventral visual pathways, and
the superior colliculus via the thalamus (Huerta et al., 1986;
Lynch et al., 1994; Jouve et al., 1998; Sommer and Wurtz, 2002;
Ungerleider et al., 2008). Such direct connections with many
visualareasallowtheFEFtoreceivediverseandrapidvisualinput,
positioning the area for efﬁcient target selection and gaze shift
through effector areas such as the basal ganglia and superior col-
liculus (Segraves and Goldberg, 1987; Sommer and Wurtz, 1998;
Schall, 2002).
FUNCTIONAL ACTIVATION AND SPECIALIZATION
Considering the robust connectivity linking the dorsolateral PFC
and PPC and their concurrent activation during a range of cog-
nitive functions, the two brain areas are often viewed as part
of a functional unit, the fronto-parietal network (Bisley and
Goldberg, 2010). At the same time, a number of functional prop-
erties that differentiate the two areas have been discovered or
proposed. These can be divided into three broad categories. First,
the PFC can be viewed as closer to motor effectors in the corti-
cal circuitgenerating andexecuting eye and limb movements. For
example, low level (<50µA) microstimulation of the FEF gener-
ates saccades (Bruce et al., 1985), while a greater current ampli-
tude is necessary in area LIP for the generating eye movements,
which also appear with longer latency (Shibutani et al., 1984).
Conversely, motor plans for limb movements have been shown to
appearearlierintheparietallobe(theParietalReachRegion)than
the frontal lobe (Snyder et al., 1997; Cui and Andersen, 2007).
In this sense, the fundamental difference between the two areas
lies not in the representation of cognitive processes, but in the
generation of motor plans dictated by the cognitive factors rep-
resented in neuronal activity in both areas. A second view posits
that the PFC, due to its intrinsic organization which places pari-
etal and temporal inputs in relative proximity to each other, has
the capacity to integrate spatial and feature information for the
needs of complex cognitive tasks (Rao et al., 1997; Rainer et al.,
1998a). Therefore, the dorsolateral and ventrolateral subdivisions
of the PFC themselves differ not so much in the nature of the
information that they represent, but rather in terms of processes
such as learning and maintaining different types of associations
and rules. Correspondingly the dorsolateral PFC may have the
ability to represent a wider range of information than the PPC.
Frontiers in Integrative Neuroscience www.frontiersin.org M a y2 0 1 2|V o l u m e6|A r t i c l e1 7| 3Katsuki and Constantinidis Roles of PFC and PPC
A third category of potential functional differences has to do with
further processing of information transmitted to PFC from the
PPC, based on task demands, rules, or context. The ability of
prefrontal neurons to resist the interference of distractors dur-
ing working-memory is one such property (Constantinidis and
Procyk, 2004). In the following sections, we review the proper-
ties of dorsolateralPFC and PPC in a series of cognitive functions
that are unique or distinct between the two areas, and consider
their functional implications. We should make clear that the
review of studies in the following sections labeled “attention” and
“working-memory” is somewhat arbitrary; behavioral tasks rou-
tinely require interplay of these factors and there is still debate
about the fractionation of neuronal activity to these processes
(Lebedevetal.,2004;CisekandKalaska,2010;GottliebandBalan,
2010). We ﬁnally discuss the anatomical and cellular substrates
that may mediate these differences.
ATTENTION
Attention is an essential cognitive process for selecting certain
information in the environment to be processed in more detail,
while ﬁltering stimuli of less importance for the contingencies
of the moment (Carrasco, 2011). Two distinct attentional sys-
tems have been identiﬁed: bottom-up attention, an externally
evoked process in which information of a stimulus appearing in
the environment is processed relatively automatically; and top-
down attention, an internally evoked process in which stimuli
are searched according to voluntarily selected features or loca-
tions (Itti and Koch, 2001; Corbetta and Shulman, 2002; Connor
et al., 2004). Early human psychophysical studies revealed that
stimuli that stand out by virtue of their relative saliency against
their background attract attention and are able to be identi-
ﬁed in parallel, without requiring search of every element in a
display (Treisman and Gelade, 1980; Duncan and Humphreys,
1989). In contrast, stimuli that are not uniquely salient require
volitional guidance of attention and serial inspection of ele-
ments in the display before they can be identiﬁed as targets of
search (Wolfe and Horowitz, 2004). Both bottom-up and top-
down factors interact for the guidance of attention in everyday
experience (Wolfe, 2010). Models created to account for these
psychophysical ﬁndings led to the proposal that visual features
are processed into separate “feature maps” based on bottom-up
activation that relies on the physical uniqueness of the stim-
ulus in the ﬁeld, and top-down activation that depends on
the relevance of the stimulus to the task during visual search
(Wolfe, 1994). The feature maps are then integrated into one
“saliency map” (or “priority map” to denote the combined effect
of bottom-up and top-down inﬂuences), according to which
attention can be directed to the locus with highest activation
in the map (Koch and Ullman, 1985). The existence of neu-
ral correlates of these saliency maps was only speculated at
the time the concept was proposed, but distinct brain acti-
vation in response to salient stimuli has since been identiﬁed
(Constantinidis, 2006). If anything, saliency maps now appear
to be simultaneously present in multiple brain areas, including
the PPC (Gottlieb et al., 1998; Constantinidis and Steinmetz,
2001), the PFC (Schall and Hanes, 1993; Thompson et al.,
1996), and subcortical structures such as the superior colliculus
(McPeek and Keller, 2002) and substantia nigra (Basso and
Wurtz, 2002). In the following paragraphs, we discuss the relative
roles of dorsolateral PFC and PPC in bottom-up and top-down
attention.
During search, neurons in the dorsolateral PFC preferentially
represent salient stimuli while responses to distractors in the
presence of salient stimuli are greatly suppressed (Figure2). In
particular, a series of studies in the FEF have revealed that neu-
rons represent salient stimuli that stand out in terms of color
or shape (Schall and Hanes, 1993; Schall et al., 1995; Thompson
et al., 1996; Sato et al., 2003). The results indicate that the PFC
maintains a map of visual saliency (Schall and Thompson, 1999).
Indeed, microstimulation of the FEF, below the threshold of sac-
cade generation can improve performance in attention tasks and
increase the activity of single neurons in extrastriate visual areas
(Moore and Fallah, 2001; Moore and Armstrong, 2003).
Neuronsinareas7aandLIPofthePPCexhibitsimilarpatterns
of responses as dorsolateral prefrontal neurons (Constantinidis
and Steinmetz, 2001; Ipata et al., 2006; Thomas and Pare, 2007;
Premereur et al., 2011). These preferential responses include
activity driven purely by visual saliency and are present even in
subjects not trained to perform a search task (Constantinidis and
Steinmetz, 2005; Arcizet et al., 2011). Similarly, posterior parietal
neurons represent preferentially visual stimuli rendered salient by
being presented after backgroundstimuli had alreadybeen visible
(Gottlieb et al., 1998; Kusunoki et al., 2000). Therefore, activity
across the PPC can also represent the location of salient stim-
uli and serve as a saliency or priority map (Bisley and Goldberg,
2010). Microstimulation of LIP can also bias selection of visual
targets (Mirpour et al., 2010).
Functional differences between the two brain regions have
been suggested in terms ofthe time course of selective representa-
tion ofthe salientstimulus (Figure2). By some accounts, the PPC
represents salient stimuli with shorter latencies, suggesting that
this area provides the primary representation of visual saliency,
FIGURE 2 | Neuronal activity representing a salient stimulus.
Schematic illustration of a post-stimulus time histogram representing
neuronal responses to two stimulus conditions. Insets depict the salient
stimulus appearance in (red) or out (gray) of the neuron’s receptive ﬁeld
(dotted line). Vertical arrow indicates the time of neuronal target
discrimination. The diagram was constructed based on the results of
Thompson and colleagues [Thompson et al. (1997)].
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which is then transmitted to the dorsolateral PFC in a serial
manner (Buschman and Miller, 2007). This ﬁnding remains
controversial (Schall et al., 2007)a so t h e rs t u d i e sh a v eu n c o v -
ered comparable time courses of activation in the FEF and
PPC, employingessentiallyidenticalstimuliandanalysismethods
(Thompsonetal.,1996;ThomasandPare,2007).Itisalsonotable
that the task used in the Buschman and Miller study did not rely
entirely on a bottom-up process: a cue was presented to subjects
in advance to the target presentation which could also involve
top-downprocess. In anycase, prefrontal activation appearsto be
essential for thecompletion ofbottom-up tasks.Muscimolinacti-
vationofthedorsolateralPFChasbeenreported toleadto deﬁcits
in visual search of a pop-out stimulus (Iba and Sawaguchi, 2003;
Wardaketal.,2006).In summary,itis clearthat boththe PPC and
dorsolateral PFC represent bottom-up visual saliency, although
their relative role in the guidance of bottom-up attention remains
a matter of debate.
In terms of top-down attention, neurons in the PPC show
dramatic modulation to stimuli that a subject selects or is cued
to attend to, compared to unattended stimuli (Robinson et al.,
1978; Yin and Mountcastle, 1978; Bushnell et al., 1981; Toth and
Assad, 2002; Bisley and Goldberg, 2003). Interestingly, parietal
responses generally decrease when stimuli appear at locations
that are already attended, leading to the hypothesis that the
PPC plays a crucial role in the re-orienting of attention to a
new stimulus of interest (Steinmetz et al., 1994; Steinmetz and
Constantinidis, 1995). A causalroleofthe PPC inorienting atten-
tion hasbeen revealedbychemical inactivation experiments; both
eye movements and covert attention is impaired under mus-
cimol injections (Wardak et al., 2002, 2004; Liu et al., 2010).
Conversely, electrical microstimulation induces covert shifts of
attention (Cutrell and Marrocco, 2002).
Responses of dorsolateral prefrontal neurons in top-down
attention are similar in many respects. Prefrontal neurons pref-
erentially represent attended over unattended stimuli (Rainer
et al., 1998b; Lebedev et al., 2004). Microstimulation of the FEF
has shown behavioral enhancement in tasks that require spatial
attention and increase in ﬁring rate in visual cortical areas, pro-
viding direct evidence of attentional control by the PFC (Moore
and Fallah, 2001, 2004; Moore and Armstrong, 2003). On the
other hand, reversible inactivation of the FEF through muscimol
injection results in attentional deﬁcits (Wardak et al., 2006).
Comparing the functional properties of the dorsolateral PFC
and PPC in top-down attention reveals few differences. The PPC
has been reported to represent targets of visual search deﬁned
by top-down factors later than the dorsolateral PFC (Buschman
and Miller, 2007). This ﬁnding suggests that top-down sig-
nals originate in the PFC, and are only later represented in
parietal activity. Comparison of inactivation effects of the FEF
and area LIP also reveal distinct patterns of errors (Wardak
et al., 2004, 2006). Speciﬁcally, prefrontal inactivation affects
psychophysical performance in a search task both for difﬁcult
(conjunction) conditions and easy (feature detection) condi-
tions. On the other hand, parietal inactivation selectively impairs
the hardest types of search. The results suggest subtle but dis-
tinct roles of the PFC and parietal cortex in the guidance of
attention.
WORKING-MEMORY
Working-memory is the ability to ﬂexibly retain and manipu-
late information in mind, according to current needs (Baddeley,
2003). It is a fundamental component of higher cogni-
tive functions including language, reasoning, planning, and
decision-making (Curtis and Lee, 2010). Baddeley proposed that
working-memory encompasses a series of slave systems repre-
senting different modalities of information (the phonological
loop, visuo-spatial sketchpad, and episodic buffer), which in
turn are controlled by a central executive (Baddeley, 2000).
Working-memory is synonymous to the earlier concept of short-
termmemory(AtkinsonandShiffrin,1968),thoughtheworking-
memory model emphasizes that this is not simply a buffer of
incoming information but it is involved in a bidirectional ﬂow
of information to and from long-term memory. In recent years,
the term visual short-term memory has been used in the litera-
ture to refer speciﬁcally to information contained in simple visual
displays(e.g., withmultiplecoloredsquaresappearingatdifferent
locations in the screen), not involving properties that can be rep-
resented and manipulated in memory in an abstract form (Todd
and Marois, 2004).
Neurophysiological recordings from non-human primates
have demonstrated persistent discharges of neurons observed
after the offset of sensory stimuli (Figures 3A,B)t h a ts u b j e c t s
were required to remember and recall (Fuster and Alexander,
1971). Furthermore, this persistent activity spanning the delay
period of working-memory tasks is tuned to speciﬁc stimulus
properties (Funahashi et al., 1989). For these reasons, persis-
tent activity is generally considered as the neural correlate of
working-memory, providing a mechanism for maintaining in
memory the properties of a remembered stimulus (Goldman-
Rakic, 1995). Recurrent connections between layer 2/3 cortical
neurons are considered as the main contributor to the gener-
ation and maintenance of persistent discharges (Constantinidis
and Wang, 2004). Neurons originally activated by a sensory stim-
ulus continue to excite each other through a dense network of
reciprocal connection—such as the extensive network of intrin-
sic connections reported in area 46 of the PFC (Kritzer and
Goldman-Rakic, 1995) allowing activity to reverberate even after
the original stimulus is no longer present. Although persistent
activity was initially demonstrated in the PFC, it has now been
observed in multiple brain regions, including other areas of the
association cortex and subcorticalregions such asthalamic nuclei
andthebasalganglia(Constantinidis andProcyk,2004;Pasternak
and Greenlee, 2005; Rawley and Constantinidis, 2009).
Short-term memoryphenomenanotbasedonpersistentactiv-
ity have also been recognized. One such effect has been described
inthe context oftasks thatrequirecomparisonoftwo stimuli pre-
sented in sequence. Some neurons respond differentially to the
same stimulus depending on whether it matched a previous stim-
ulus or not, and this activity is, therefore, informative about the
prior stimulus (Miller et al., 1991). Non-spiking, synaptic mech-
anisms are thought to mediate this process (Mongillo et al., 2008;
Sugase-Miyamoto et al., 2008). In the next paragraphs, we will
review the properties of working-memory activity in the dorso-
lateral PFC and PPC and what they reveal about their common
and unique roles in the maintenance of working-memory.
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FIGURE 3 | Schematic illustration of neuronal responses with
persistent activity in the prefrontal and posterior parietal cortex. Gray
bars indicate times of stimulus presentations. Red and blue lines represent
the activity of the prefrontal cortex and the posterior parietal cortex,
respectively. Insets above the gray bars illustrate examples of stimulus
location relative to the receptive ﬁeld depicted with dotted curve.
(A) Sustained activity following appearance of the cue in the receptive ﬁeld.
Both the prefrontal and posterior parietal cortex continuously sustained
activity higher than the baseline (horizontal dotted line) after the cue offset.
(B) Anticipatory activity following appearance of the cue out of the
receptive ﬁeld. No activity was elicited by the stimulus; activity accelerated
during the delay period. (C) Responses to the cue in the receptive ﬁeld
followed by a non-match stimulus out of the receptive ﬁeld. Prefrontal
neurons maintained activity during the delay period after the second
stimulus (distractor) was presented whereas the activity of the posterior
parietal went back to baseline. The diagrams were constructed based on
the results of Qi and colleagues [Qi et al. (2010)].
Neurons in the dorsolateral PFC, including the FEF, readily
exhibit persistent activity in a wide range of tasks that require
working-memory, and this activity represents attributes of the
remembered stimulus such as its spatial location, shape, color,
and luminance (Fuster et al., 1985; Funahashi et al., 1989;
Constantinidis et al., 2001; Armstrong et al., 2009; Meyer et al.,
2011) .T h ea c t i v i t yo ft h e s en e u r o n si sq u i t eh e t e r o g e n e o u si n
terms of the envelope of neuronal responses but can be classi-
ﬁed into two broad categories: activity that appears to extend
a response to the stimulus itself and is sustained into the delay
period, schematized in Figure3A, and activity that only begins
after the offset of the stimulus and accelerates during the delay
period, as shown in Figure3B (Quintana and Fuster, 1992;
Qi et al., 2010). We refer to these types as sustained and antici-
patory, respectively. Anticipatory activity has also been associated
with prospective memory of an upcoming stimulus or event
(Rainer and Miller, 2002). In recent years it has become evident
that performance of a working-memory task is not necessary for
the emergence of working-memory activity; persistent responses
are present even in naïve animals, only required to ﬁxate after
the appearance of visual stimuli (Meyer et al., 2007, 2011).
Dorsolateral prefrontal neurons also exhibit activity reﬂective
of the properties of a previous stimulus, independent of per-
sistent discharges. A population of prefrontal neurons responds
differentially to a stimulus if it appears as a match or a non-
match, in delayed match-to-sample tasks (Miller et al., 1996;
Pasternak and Zaksas, 2003; Kusunoki et al., 2009; Qi et al.,
2012).
Posterior parietal neurons are also active in the delay
period of working-memory tasks (Gnadt and Andersen, 1988;
Constantinidis and Steinmetz, 1996; Chafee et al., 2005), and
responses of individual neurons are tuned for the spatial loca-
tion of the remembered stimulus (Figure3A). Working-memory
capacityrepresented intheactivity ofthePFCandPPCappearsto
be similar (Buschman et al., 2011). Like the PFC (Figures3A,B),
posteriorparietalneuronalactivity canbeclassiﬁedintosustained
and anticipatory (Quintana and Fuster, 1992; Qi et al., 2010). In
the PPC too, working-memory activity is present even in naïve
animals, only trained to ﬁxate (Constantinidis and Steinmetz,
2005),althoughthisreportinvolvedonlyaverybriefdelayperiod.
Finally, posterior parietal neurons also exhibit modulation by the
match or non-match status of a remembered stimulus (Steinmetz
et al., 1994; Rawley and Constantinidis, 2010).
From this review of properties, it is evident that PFC and
PPC manifest very similar types of activity-related to working-
memory and it is no surprise that studies comparing the activity
of dorsolateral prefrontal and posterior parietal neurons in the
same animals have revealed a great deal of similarities. These
include similar percentages of neurons activated in the two
areas, similar response magnitudes, similar temporal envelopes
of responses, and similar tuning characteristics to spatial stimuli
(Chafee and Goldman-Rakic, 1998; Qi et al., 2010).
Although there are common features of persistent activity
in the PFC and the PPC, different properties between areas
have also been identiﬁed. One difference has to do with the
response patterns during maintenance of a stimulus in memory,
when multiple stimuli are presented sequentially (Figure3C).
Prefrontal neurons represent the location of the original stimu-
lus, actively held in memory even after the appearance of dis-
tractors (di Pellegrino and Wise, 1993; Qi et al., 2010), while
posterior parietalneuronsrepresentthemostrecentstimuluspre-
sentation (Constantinidis and Steinmetz, 1996). We should note,
however, that the difference between the areas may be quan-
titative rather than qualitative. Posterior parietal neurons con-
tinue to exhibit small but signiﬁcant levels of sustained activity
following the presentation of a stimulus that serves to sum-
mon attention even after the appearance of a distractor (Bisley
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and Goldberg, 2003), and a difference between areas was not
apparent in some tasks tested in the same animals (Qi et al.,
2010). A second line of evidence for functional specialization
between the two regions in working-memory comes from cool-
ing experiments. Cooling of the PFC produces more pronounced
performance decreases in spatial working-memory tasks com-
pared to cooling of the PPC, at least in terms of saccadic error
around the remembered target (Chafee and Goldman-Rakic,
2000). Finally, a third proposed type of differentiation has to do
with the nature of information represented in working-memory
for each of the two areas. By virtue of their proximity, the
ventrolateral and dorsolateral PFC was proposed to integrate
information from both the dorsal and visual streams, partic-
ularly as a result of task demands (Rao et al., 1997; Rainer
et al., 1998a). Later experiments indicated that parietal neurons
have equivalent selectivity for non-spatial information as that
described in the PFC (Sereno and Maunsell, 1998; Toth and
Assad, 2002) .A tt h es a m et i m e ,e x p e r i m e n t sr e c o r d i n ga c t i v -
ity before and after training in tasks that require integration of
spatial and non-spatial information reveal that dorsolateral PFC
has a clear bias toward the representation of spatial information,
both before and after training (Meyer et al., 2011). Therefore,
it is questionable whether information content is a signiﬁcant
distinguishing feature between the dorsolateral PFC and PPC in
working-memory.
DISTRIBUTED PROCESSING
The previous sections have highlighted the functional dissocia-
tion between PPC and dorsolateral PFC, however, it is important
to emphasize that routine execution of a range of cognitive func-
tions depends on both areas, whether they involve distinct or
identical patterns. In this sense, concurrent parietal and pre-
frontal activation during the execution of a cognitive task should
not be viewed as a sign of redundancy but could be more appro-
priately interpreted as a vital element of distributed processing.
The necessity of activation of both areas is revealed by the stud-
ies such as those relying on cooling to reversibly inactivate either
brain area (Quintana et al., 1989; Chafee and Goldman-Rakic,
2000).Evenintasksthatfailtodifferentiate thepatternsofactivity
between areas such as the delayed response task, reversible inac-
tivation of either brain area produces performance impairments,
anddespite continued presence ofactivity in thearea that wasnot
beinginactivated. Behavioralevents,therefore,arelikelytorelyon
the concerted action of neurons in multiple cortical areas (Chafee
and Goldman-Rakic, 2000).
NEURAL SUBSTRATES OF SPECIALIZATION
Despite the overall similarity in anatomical inputs and the par-
allel nature of anatomical projections between the dorsolat-
eral PFC and PPC, a number of anatomical properties differ
between these areas, including the inﬂuence of various neuro-
transmitter systems, the intrinsic connectivity within each area,
as well as the respective connectivity with other brain regions.
Computational models exploring these differences have offered
signiﬁcant insights into the underlying mechanisms mediating
functional specializationofeach area.Inthefollowingsections we
will focus on the role of two neurotransmitter systems, dopamine
and glutamate, and the patterns of intrinsic connectivity between
excitatory and inhibitory neurons in the two regions.
DOPAMINERGIC INNERVATION
Dopamine has long been viewed as a critical factor of prefrontal
function anda uniqueinﬂuenceto the PFC compared to its corti-
cal afferents. Dopamine preferentially innervates the frontal lobe,
whereasdopaminergicinnervationislargelyabsentfromthepari-
etalcortex (Levitt etal.,1984;HaberandFudge,1997).Dopamine
dysregulation in the PFC has also been implicated in schizophre-
nia, which is linked to marked impairments in working-memory
and executive function (Okubo et al., 1997; Abi-Dargham et al.,
2002; Karlsson et al., 2002). Decreased prefrontal activation has
been reported in animal models of schizophrenia, which alters
dopamine uptake in other brain areas as well (Bertolino et al.,
1999; Meyer-Lindenberg et al., 2002). Computational studies
havedemonstratedpersistentdischargeswithanimprovedsignal-
to-noise ratio in networks that incorporate dopamine inputs,
compared to equivalent networks without dopamine(Durstewitz
et al., 2000). Dopamine innervation has also been proposed as
a gating mechanism in reinforcement learning, signaling which
stimuli predict reward and which are irrelevant (Montague et al.,
2004).
Two families of dopamine receptors have been identiﬁed,
with unique cognitive contributions. D1 dopamine receptors are
widely spread in the PFC whereas D2 receptors are more abun-
dant in the striatum (Meador-Woodruff et al., 1996). The former
are generally considered responsible for prefrontal-dependent
cognitive functions, whereas the latter are the main site of action
of antipsychotic drugs (Remington et al., 2011). Local injections
of D1 antagonists in the dorsolateral prefrontal cause impair-
ments in performance of both working-memory (Sawaguchi and
Goldman-Rakic, 1991, 1994) and attention tasks (Noudoost and
Moore, 2011). D1 agonists reverse the cognitive impairments
often caused by antipsychotic medication (Castner et al., 2000).
D1 receptor stimulation in the dorsolateral PFC is critical for
regulating the recurrent microcircuitry of the PFC (Gonzalez-
Islas and Hablitz, 2003; Goldman-Rakic et al., 2004; Arnsten,
2011). Not only does D1 receptor activation facilitate excitatory
persistent activity following the appearanceofthe preferred stim-
ulus of a neuron (Williams and Goldman-Rakic, 1995; Seamans
et al., 2001) but it also attenuates excitation to non-preferred
locations and, therefore, sharpens spatial tuning during working-
memory (Gao et al., 2001; Paspalas and Goldman-Rakic, 2005;
Vijayraghavan et al., 2007). The relative activation of the D1 and
D2 receptor systems has been implicated in the regulation of
cortical dynamics, with dominance of the D1 system facilitating
robust maintenance of information online, and D2 promoting
ﬂexibility between tasks and representational states (Durstewitz
and Seamans, 2008).
This dynamic modulation by a variety of factors through
the actions of dopamine receptors is essentially absent in the
PPC and should be viewed as a unique prefrontal specializa-
tion. It should be noted, however, that the effects of dopamine
modulation are complex, and experimental studies reveal non-
monotonic dosage relationships (Williams and Goldman-Rakic,
1995; Zheng et al., 1999). Differential physiological effects have
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also been observed depending on cortical layer, neuron type, and
cellularcompartment targeted (Zhou andHablitz,1999;Seamans
et al., 2001; Gao et al., 2003; Gonzalez-Islas and Hablitz, 2003).
Furthermore, the highest concentration of dopamine projections
targets the medial PFC, with only a minor proportion innervat-
ing the dorsolateral PFC (Lewis et al., 1988). For this reason it
is not easy to map speciﬁc functional differences between the
dorsolateral PFC and PPC to particular aspects of dopamine
action.
GLUTAMATE RECEPTORS
In addition to dopamine involvement, recent studies have
revealed that the relative activation of glutamate receptors
is important for persistent activity during working-memory
(Durstewitz et al., 2000; Seamans et al., 2001; Wang, 2001; Chen
et al., 2004; Wanget al.,2008; Arnsten et al., 2010). The density of
NMDA receptors compared to AMPA receptors has been identi-
ﬁedascriticalinthisrespect(YangandSeamans,1996;Durstewitz
et al., 2000; Seamans et al., 2001; Wang, 2001; Chen et al., 2004;
Wang et al., 2008). NMDA receptors are kinetically slow and once
opened leave the postsynaptic neuron in a depolarized state for a
longer time, allowing subsequent postsynaptic potentials to con-
tinue generating action potentials (Wang, 1999). Resistance to
interference may speciﬁcally be enhanced through an increased
concentration of NMDA receptors, allowing persistent activity
to survive the effect of temporary activation of a competing
population of neurons (Compte et al., 2000), and a critical differ-
ence between PPC and PFC may lie in their AMPA/NMDA ratio
(Izquierdo et al., 1998). Additionally the actions of dopamine
itself in the PFC are partially attributed to its effects on NMDA
receptors (Cepeda et al., 1992; Yang and Seamans, 1996; Seamans
et al., 2001; Chen et al., 2004). Therefore, dysfunction of the
prefrontal NMDA-mediated microcircuit may result in the dys-
regulation of dopamine system in the PFC and striatum which
would cause cognitive deﬁcits observed in psychiatric disorders
(Arnsten, 2011). It has also been reported that dopamine D1
receptors modulate NMDA receptor functions in prefrontal neu-
rons indicating that there is a reciprocal interaction between the
NMDA and D1 effects (Chen et al., 2004; Gao and Wolf, 2008).
Finally, reduction of NMDA activity in pyramidal circuits causes
decrease in GABA, which leads to less tuned neuronal networks
(Rao et al., 2000; Kinney et al., 2006).
INTRINSIC EXCITATORY CONNECTIONS
In both PPC and dorsolateral PFC, retrograde injections of
anatomical tracers reveal clusters of neurons activated over a
range of distances of several millimeters (Levitt et al., 1993;
KritzerandGoldman-Rakic,1995).Theelementalcorticalmicro-
circuit involves clusters of neurons with similar tuning that are
interconnected throughexcitatoryconnections, andwhichinhibit
neurons with different stimulus preferences (Goldman-Rakic,
1995). By some accounts, prefrontal pyramidal neurons exhibit
the mostextensive dendritictrees andhighestnumber ofspinesof
any cortical neurons (Elston, 2000, 2003). In the context of com-
putationalmodels,thiswouldbeequivalenttoalarger“footprint”
ofconnections ofasingleprefrontalneuron(Compteetal.,2000),
which could result in greater stability of the prefrontal network.
However,the precise functional consequencesofthese anatomical
differences have not been explored in depth.
INTERNEURON TYPES
Differences in interneuron types have been proposed as another
unique specialization of the PFC (Wang et al., 2004). Most cor-
tical interneurons are parvalbumin-containing neurons, which
correspond to the Fast Spiking category (Krimer et al., 2005;
Zaitsev et al., 2005). In the PFC, calbindin-containing interneu-
rons are more numerous than in other cortical areas (Elston and
Gonzalez-Albo, 2003). Calbindin interneurons tonically inhibit
the dendrites of pyramidal neurons in close vicinity, forming pat-
ternsofaxonalconnections spatiallyrestricted acrossthelength of
a cortical column (Conde et al., 1994; Gabbott and Bacon, 1996;
Krimer et al., 2005; Zaitsev et al., 2005). It has, therefore, been
proposed that calbindin interneurons release pyramidal neurons
from inhibition only when the pyramidal neurons have already
been activated during working-memory, insulating the network
from noise and distractor interference. Indeed, recent physiologi-
cal evidence suggests that neurons with functional properties that
ﬁttheproﬁleofin vertedtuningneuronsaremoreabundantinthe
prefrontal than the parietal cortex (Zhou et al., 2012). Calbindin
interneurons may also play other unique roles in the PFC that
are absent in the parietal cortex. For example, anterior cingulate
projections preferentially innervate calbindin interneurons, pro-
viding a means of controlling prefrontal excitability (Medalla and
Barbas, 2009, 2010).
SUMMARY AND FUTURE DIRECTIONS
The studies reviewed in this article point out that the dorsolateral
PFC and PPC share a number of functional properties and are
co-activated in a range of cognitive operations requiring atten-
tion andworking-memory, with verysimilaractivity patterns and
time courses of activation. This evidence suggests that distributed
processing recruiting the two areas is essential for the execution
of cognitive functions. Progress has also been made in identify-
ing unique functions of each area. Inactivation of the PFC causes
more severe impairments in a wider range of attention, working-
memory and motor functions. Additionally, the PFC is able to
resistinterference bydistracting stimuliduringworking-memory.
Unresolvedissuestobeaddressedbyfutureneurophysiological
studies include the full gamut of cognitive functions that dif-
ferentiate the two areas, including the extend to which parietal
and prefrontal areas exert direct inﬂuence on neuronal activ-
ity on extrastriate areas, the capacity and duration of memory
traces in the prefrontal and parietal cortex and the inﬂuence
of ﬂexible rules and learning on prefrontal and parietal activ-
ity. Additionally, future experiments may reveal the nature of
underlying differences that produce this functional specialization
in terms of neurotransmitter systems, intrinsic connections, and
connections with other brain areas.
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